Abstract. This study presents a new empirical equation for the estimation of horizontal strong ground motions caused by shallow crustal earthquakes. This model was developed empirically by regression of the database, which was used by the NGA-West2 GMPE developers with a fault rupture distance less than 60 kilometers. The data set consisted of corrected and processed accelerograms of 1545 strong-motion records of earthquakes between 5.2 and 7.9 Mw. The model was a function of earthquake magnitude, distance of source from site, local average shear wave velocity, nonlinear soil response, sediment depth, rupture dip, faulting mechanism, and hanging wall e ect. This equation was derived by a stable algorithm for regression analysis called mixed e ect model. The algorithm was used to develop PGA and PSA (T 1 ) for periods from 0.01 to 10.0 seconds. Major di erences between this model and the recently developed attenuation relations for the world and Iran were observed for large-magnitude ground motions, which were recorded at small-tomoderate distances from seismic source. The results showed that the near-eld a ected the predicted values, especially in soil sites. Moreover, comparison with the attenuation relations developed by Iranian data set con rmed that the equation in this region was sensitive more to distance than to other parameters.
Introduction
One of the important steps in the process of seismic structural design is selecting an appropriate sitespeci c ground motion. This stage is highly dependent on the earthquake source characterizing parameters, the propagation path, and geological conditions. Distinguishing the e ect of these parameters on ground motion is rather complicated. In seismic hazard analysis, the e ects of these aspects are estimated by empirical attenuation relationships. The equation which is employed for prediction of ground motion (attenuation relationship) is a mathematical equation (i.e. a model) that relates a given strong-motion parameter to one or more parameters of the earthquake source, wave propagation path, and local site. The design of ground motions is often controlled by hypothesized occurrence of a large earthquake on nearby faults; therefore, it is important that the seismological models or attenuation relationships properly estimate ground motions at near-led. In recent decades, several neareld attenuation equations have been provided for es-timating ground motions at short distance of causative fault [1, 2] by increasing the number of recorded ground motions at close distance of causative faults. The Paci c Earthquake Engineering Research center (PEER) initiated a project in 2003 to develop the next generation attenuation relationships (called NGA-West1). The developed Ground Motion Prediction Equations (GMPEs) are widely used in seismology and engineering [3] [4] [5] [6] attempting to render a more realistic model by utilizing a di erent regression method, adding new parameters, and considering neareld e ects. In 2013, the NGA-West2 research project, which was the second phase of NGA-West1, addressed additional and complementary ground motion issues. Thousands of ground motions recorded worldwide since 2003 were processed and added to the NGA database. The size of the NGA-West2 database was twice that of NGA-West1 [7] .
The equation presented in the current study is developed empirically by regression of the database, which is used by the NGA-West2 GMPE developers with fault rupture distance of less than 60 km. This attenuation relation predicts the average horizontal acceleration response spectra component of shallow crustal near-eld regions.
Herein, the speci c numerical optimization method is applied based on Genetic Algorithms (GA) for solving the numerical equation of mixed e ect to determine the optimum values of the design variables while reducing the error to an acceptable value. Next, seismological and geotechnical information and a set of strong motion recordings with new constraints imposed on the earthquake parameters and re ned functional forms are used to develop a mutually consistent set of strong ground motion relations for the average horizontal components of Peak Ground Acceleration (PGA) and 5% damped Pseudo Spectral Acceleration (PSA(T 1 )). This equation comprises the recently developed functions for simulating the e ect of di erent parameters on ground motion for yielding more accurate estimates. Further, by eliminating the uncertain records, the employed data becomes more uniform and, thus, unrealistic estimates are avoided.
Lastly, so as to investigate the consistency of the introduced equation with Iranian plateau, it has been compared with the descript attenuation relation, which was extended for Iran for the period 1999 to 2010.
Strong motion data
The database used for this study was a subset of the PEER strong motion database, which was downloaded from the PEER website at http: //peer.berkeley.edu/nga/index. html. In this regard, 1545 strong motion records were selected from 79 shallow crustal earthquakes between 1940 and 2011. All data were free-eld records (recordings from buildings of less than three stories, or less than seven stories if located on a rm rock). Further limitations were considered for data selection in this study due to engineering requirements and seismological issues. In order to have near-eld speci c attenuation equation, the data set was selected from records with rupture distance less than 60 km. Better correlation can be observed between magnitude and distance at short distance of causative fault since inelastic decay of the seismic wave propagation is negligible [8] .
It is worth to note that the records with larger source-to-site distances were excluded due to their low engineering signi cance [9] , and to avoid records with several re ections from lower layers that happened during some earthquakes, although some authors believe that ground motion prediction is valid for distances of less than 300 km, where R rup 60 km would include the major part of strong ground motion investigation of engineering seismology [8] .
The data set was selected from earthquakes with Moment Magnitudes (M w ) more than 5.2, since an earthquake of less than this magnitude did not control the structural performance at short distance of earthquake source. The focal depth (h) of selected records was limited to 20 km as the scope of the present study was limited to the shallow crustal ground motions [8] .
In order to enhance quality of the database, the records on the toe or base of a dam were excluded because of the potential adverse e ects of instrument embedment and soil-structure interaction [4] . Moreover, the data from subduction zones were excluded due to the di erences of tectonic regimes and shallow crustal earthquakes [8] .
In addition to the above criteria, the records with the following characteristics were excluded from the database [8]:
1. The records of the earthquakes which did not have su cient records; 2. The records which had only one horizontal or vertical component; 3. Recordings without v s30 estimate (v s30 : the average shear-wave velocity in the top 30 m of a soil pro le); 4. The records of the earthquakes which lacked key source data; 5. The records which exhibited strong topographic e ects (recordings from the Tarzana Cedar Hill Nursery); 6. An aftershock occurred in the immediate vicinity of the inferred main-shock rupture plane, which has been considered by authors potentially belowaverage stress, drops however, this will not happen to events \triggered" by the main shock (e.g., the 1992 Big Bear earthquake), which is considered to have a similar stress regime as the main shock [6] . Table 1 lists the selected records and their characteristics. Despite the fact that the e ect of tectonic environment on strong ground motions has been known in recent years, because of the limited number of records, this e ect is not recognized in the database utilized in the present study [10] . Figure 1 shows the distribution of the data with their magnitude and distance: 5:2 M w 7:9 and 0 R rup 60 (km). Data were well distributed in magnitude-distance space, suggesting that there was no need to use special statistical procedures to decouple source and path e ects in the regression analysis. Peak Ground Acceleration (PGA) and 5% damped Pseudo Spectral Acceleration (PSA (T 1 )) at natural periods ranging from 0.01 to 10.0 seconds were used as strong motion parameters. Faulting mechanisms of the selected earthquakes in the dataset were classi ed into four categories, namely, strike slip, normal, oblique, and reverse. Due to fault segmentation, there was a lack of recordings with normal mechanisms in the dataset for earthquakes with M w > 6:9. Di erent studies show that earthquakes with normal faulting mechanisms at some certain periods and distances have lower median of predicted ground motion in extensional stress environments than in compressional stress elds Spudich and Joyner [10, 11] .
Mixed e ects model for regression analysis
The xed e ects regression model, which is the usual approach for deriving empirical attenuation relations, is de ned as follows [12] : ln y ij = f(P ij ; ) + " ij ;
(1) where y ij is the ground motion intensity parameter, f(P ij ; ) denotes the ground-motion prediction function with predictive parameters, P ij (e.g., magnitude, distance of source from site, site condition) and coe cient set , and " ij is the error term for the jth recording from the ith event and is assumed to be normally distributed with mean zero. This model is used for estimation of all dependencies that are taken into consideration.
Another regression method is mixed e ects model, which includes both xed e ects and random effects [12] . The random or variance component e ect is the maximum likelihood of dependencies between data items that are subjected to implicit estimation. For example, if an earthquake has a stress drop higher than average, then the ground motion at all sites from this event is expected to be higher than average. However, if seismologists want to compare the event terms so as to better understand the ground motions, then the event terms should be treated as xed e ects.
For the mixed e ects model, the error term is partitioned into two parts: inter-event and intra-event terms. The regression model is formulated as follows:
ln y ij = f(P ij ; ) + i + " ij ; (2) where i and " ij represent inter-event and intra-event variations, respectively, and are assumed to be independent and normally distributed random parameters. The maximum likelihood method [13] is used to partition the residual for each recording into i and " ij . In this method, the expectation-maximization algorithm is used for computing the model parameters () and variances of i and " ij ( 2 and 2 ). The algorithm is an iterative procedure in which the random e ects, variances, and model parameter values are computed successively.
For normally distributed data, the likelihood is given by: where N is the number of records, n i is the number of records in the ith earthquake, M is the number of earthquakes, and ij is the predicted value: ij = f(P ij ; ):
and are estimated to maximize the likelihood function (Eq. (3)) by numerical optimizations (genetic algorithm, as employed in this research). Now, for a given and the maximum likelihood estimates of and , the random-e ects term, i , is estimated as follows:
When an earthquake has just a single recording, the percentage of the residuals that are assigned to the inter-event term can be obtained by the ratio 2 = 2 + 2 . On the other hand, if there is a large number of recordings from an earthquake, then the inter-event term becomes the mean residual for that event. Thus, the maximum likelihood model partitions the error in a meaningful way [14] .
Estimated value of i results in a new set of coe cients, , in comparison with only xed e ects model (ln(Y ij ) i = f(P ij ; ) + " ij ). The new set is then used to re-estimate , , and , and this iterative algorithm is continued until the coe cients converge on speci c values.
In summary, the steps of the mixed e ects algorithm are presented as follows [8] :
1. Estimate the model coe cients using a xed e ects regression algorithm assuming equal to 0;
2. Use for solving the variances of the residuals, 2 and 2 , by maximizing the likelihood function described in Eq. (3); 3. Given , 2 , and 2 , estimate i using Eq. (6); 4. Given i , estimate the new coe cients () using a xed e ects regression algorithm for ln(y ij ) i ;
5. Repeat steps 2-4 until the likelihood in step 2 is maximized and the estimates for the set of coe cients converge.
This algorithm typically converges in less than 30 iterations. The total aleatory standard deviation of the geometric mean is given by the following equation:
4. Optimum analysis of maximum likelihood function using Genetic Algorithm (GA)
Genetic Algorithm (GA) is an optimization tool to minimize an objective function. It is based on the idea that the production of natural processes is optimum and the method of reproduction in natural evolution is optimum itself. First, the collection of feasible solutions (chromosomes) is considered in GA and, then, better solutions are selected using sampling methods. If the selected chromosomes are not the chromosomes with the best tness function, the same processes governing natural systems, such as mutation and crossover (recombination), are applied to the selected answers. Thus, a new collection of solutions will be generated as a new generation. This process is iterated to reach more progressed generations with the best mean tness. At the end, the chromosomes of the generations with maximum tness to the problem will be selected as the optimum solution [8] .
The purpose of using Genetic Algorithm in this research is to solve function (3) to nd the optimum variances of the residuals. Further, this method does not depend on the initial value of the variables and obtains variances with maximum tness to the function. For calculation of function (3), most of the settings in the algorithm are based on the default settings in Matlab program, which are listed in Table 2 [8] . 
Median ground motion model
The equation which has been selected to represent median ground motion relations in this study for both the average horizontal components of PGA and PSA (T 1 ) is given by:
ln Y =f mag + f mag;dis + f t + f site + f sed + f hng
Scaling of magnitude (f mag )
A polynomial function, rather than linear function, is used in this part to model the saturation phenomenon in magnitude scaling at short distance. Due to this e ect, the observed magnitudes in stations at short distance of seismic source are less than the real values. The scaling of magnitude term is given by Abrahamson and Silva [5] : where M w is moment magnitude, and c is constant factor of 6.5. This functional form is not adequate for long periods and higher order terms are required [5, 11, 14] .
Distance term (f mag;dis )
The shortest distance to the rupture plane (R rup ) in the model has been selected in compliance with the equation introduced by Abrahamson and Silva [5] . This can be explained by their use of a function which tted small-and large-magnitude recordings and better tted the data at short distances. Another advantage of the Abrahamson-Silva functional form over other models is its transitional form in magnitude-dependent attenuation term, which makes the nonlinear regression analysis more stable [6] . The distance term is given by the following equation [5] :
where R rup (km) is the distance nearest to the coseismic rupture plane. The term a 6 (T ) is constrained to vary monotonically with period; otherwise, the spectral shape in very short distances will yield a large number of errors due to model extrapolation.
Style-of-faulting term (f t )
The distinctions between strike slip, reverse, oblique, and normal events in attenuation relations are presented by the style of faulting mechanism. Most attenuation relations have considered a constant style of faulting mechanism applied to all magnitudes, distances, and periods. The oblique fault style term has been included in the equation as a new option in comparison with the currently used attenuation relations. With regard to this, the style of faulting mechanism is given as a period-dependent function [9] :
where: F R = 1 is an indicator variable representing reverse fault; F N = 1 is an indicator variable representing normal fault; F O = 1 is an indicator variable representing reverse and normal-oblique. If FR, FN, and FO are assigned equal to 0, then the function represents strike slip.
Site response term (f site )
The relations between soil ampli cation and peak ground acceleration on rock site, which have been introduced by many researchers, show that linear functions are not individually su cient to properly model site response [15, 16] . Accordingly, the site response function is divided into two portions, named linear and nonlinear terms.
The function recommended by Boore and Atkinson [17] , which is slight modi cation of the site amplication given by Choi and Stewart [18] , is adopted in this paper. These equations are applicable to 180 V s30 1300 m/s and should not be applied for very hard rock sites, i.e. V s30 > 1500 m/s. The coe cients of the function were purveyed in each period and in accordance with NEHRP site category. The site ampli cation equation is as follows:
where f LIN and f NL are the linear and nonlinear terms, respectively.
Linear site response
The linear part of the site response ampli cation, which is a function of ln(V s30 ), was introduced by Boore and Atkinson [17] . This function has proportional relation with periods of less than 0.5 second; however, there is no strong solidarity between V s30 and deeper deposit layers in long-period ranges.
The linear site response is given by the following equation:
where b lin is a period-dependent coe cient and V ref is reference velocity of = 760 m/s that is based on NEHRP B/C boundary site conditions.
Nonlinear site response
The main reasons for using non-linear site response term can be summarized as follows:
The linear part is insu cient to constrain the complex nonlinear behavior of the softer soils;
The analytical results do not correlate with linear parameters at large ground motions; The residuals plotted against rock PGA clearly exhibit a bias due to the nonlinear behavior of PGA and PSA (T 1 ) at shorter periods. Because of the relatively small number of recordings, the residuals alone could not be used to determine how this behavior varied with V s30 , ground motion amplitude, and oscillator period.
The nonlinear site response is given by the following equations [17] 
Soil depth e ect term (f sed )
The studies conducted on soil depth e ect revealed the di erent behavior of shallow and deep sediments during earthquake. Preliminary regression analyses on di erent soils show that by increasing depth, the longperiod motions dominate the records up to the depth 
where k is the period-dependent coe cient; and Z 2:5 (km) is the depth to the 2.5 km/sec shear-wave velocity horizon beneath the site (sediment depth).
Hanging wall term (f hng )
Before the 1980's, the Hanging Wall (HW) e ect was known as a geometrical e ect caused by the asymmetry of dipping fault. By increasing the number of recorded ground motions at short distance of causative faults, empirical residuals and the rock simulations demonstrated a stronger HW e ect than expected. This e ect has been known as one of the important characteristics of near-fault ground motions after 1994 Northridge and the 1999 Chi-Chi earthquakes, Abrahamson and Somerville [20] .
The recoded data at near-fault zone (R rup 25 km) showed that the PGAs on the hanging wall were much greater than those on the footwall at the same R rup [5] . Further analysis and observation indicated larger values of Peak Ground Velocity (PGV) and Peak Ground Displacement (PGD) on the hanging wall [21] . Herein, the function introduced by Chiou and Youngs [22] is used to model hanging-wall e ects. In this function, the hanging-wall e ects have a smooth transition from the hanging wall to the footwall blocks: f hng = a 13 (T )f hng;R f hng;M f hng;Z f hng; : (14) Each term in Eq. (14) are piecewise linear complicated functions for distance (f hng;R ), magnitude (f hng;M ), depth-to-top rupture (f hng;Z ), and dip (f hng; ). HW e ect decreases with an increase in distance; thus, Chiou and Youngs [22] used R jb and R rup to simulate the reduction. The Joyner and Boore distance is a measure from site to the HW: 
Depth-to-top rupture model (f Ztop )
Empirical and theoretical evidences show that when the ground surface above seismic source is broken during earthquake, the recorded ground motions generally have lower amplitude than the earthquakes with hidden faults [23] . Dynamic rupture simulations show that if a weak zone exists at shallow depths, rupture of the shallow part of the fault will be controlled by velocity strengthening. The other consequences of existing weak zone are larger slip weakening distances, larger fracture energy, larger energy absorption from the crack tip, lower rupture velocity, and lower slip velocity at greater depths on the fault. These lead to lower ground motions for surface faults rather than for buried or hidden faults. Recent studies indicate that there is a correlation between magnitude and depth-to-top rupture [23] . They show that large earthquakes tend to rupture to the surface whereas in small earthquakes, they tend to be at depth [24] .
To address this correlation, Abrahamson and Silva [24] showed that the inter-event residuals were a function of depth-to-top rupture.
So as to limit the e ect of this positive correlation on the relation studied in the current paper, only records from 5 M w 6 are used to derive depthto-top rupture (Z top ) dependency.
Abrahamson and Silva [24] used a piecewise linear function to show the depth-to-top dependency on di erent magnitudes. This function is employed in this part to determine the depth-to-top rupture: 
where Z top (km) is the depth from the top of the coseismic rupture plane.
Rupture dip term (f dip )
Recent research indicates the in uence of Dip (angle of the fault plane) on ground motion [1] . As per the results of the present study, the recorded ground motion has a larger amplitude in earthquakes with higher dip angles; this e ect decreases by increase in magnitude. This e ect has previously been indicated by Campbell and Bozorgnia [1] , who used linear multicriteria function in the recent attenuation relation. This function is de ned as:
a 15 
Regression results
The present study determines the median ground motion model coe cients for peak ground acceleration and spectral acceleration for 5% critical damping ratio and 21 oscillator periods ranging in 0.01-10.0 s, which are listed in Table 4 . The aleatory standard deviations and combined uncertainty coe cients are listed in Table 5 .
It is worth to note that the constants c 1 = 6:5 and n = 2 are the same for all oscillator periods. Di erent distributions of records with respect to the independent variables cause period-to-period variability. This variability may be reduced by smoothing the derived coe cients. This method improves reliability of the equation, especially in long-period estimates due to the existence of fewer records than those in the short-period region [8] .
Because of the relatively uniform distribution of recordings with respect to magnitude and distance, none of them were weighed during regression analysis (Figure 1 ). However, in very long periods (7.5-10 sec), un-weighed regression showed a large variation between the derived coe cients in two periods. This indicates that using a simple function for smoothing the coe cient is not su cient for wide-range periods.
Results of the empirical model
Results of the empirical model for bed rock (V s30 = 760 m/s) and soil deposit (V s30 = 270 m/s) are plotted in Figures 2 and 3 , respectively. These gures show the decay of estimated peak ground acceleration and spectral acceleration at 0.1, 1, and 3 sec of natural periods. In these gures, the variation of acceleration versus distance has been displayed for two di erent magnitudes (M w = 5:5 and 7.0) and four faulting styles (strike-slip, normal, oblique, and reverse). As shown, the e ects of earthquake magnitude and fault style on spectral acceleration are reduced by increasing the period; nevertheless, this decrement is of lower degree for large-magnitude events. Figure 4 shows the signi cant di erence of spectral accelerations with di erent fault mechanisms in short and median periods. This di erence decreases by increasing the period for both rock and soil sites. The average ratio of the spectral accelerations of reverse fault to strike-slip varies between 0:9 1:45. This ratio is in compliance with previously reported ratios by di erent authors who recommended a maximum factor of 1.3. In short-period ranges, spectral accelerations on rock site are higher than those on soil site; however, they maintain a reverse order in long periods. Figure 5 depicts that in short-period ranges, the spectral acceleration recorded on soft clay (V s30 = 180) has the lowest value in comparison with those on other sites. This is mainly due to the nonlinear behavior of soft soil in short-period ranges and lack of data recorded on this site. By increasing the period, the attenuation relation of soft clay will have a similar trend to that of the sti soil (V s30 = 270). Firm rock (V s30 = 1130) and hard rock (V s30 = 1500) diagrams show a reduction by increasing the period as there is no soil in these sites. As shown by this gure, due to reverse-fault earthquakes, the spectral acceleration has higher amplitude than the strike-slip and normal faulting ground motions.
As explained before, the e ect of di erent sediment depths is represented by Z 2:5 . Figure 6 delineates the e ect of this parameter on spectral acceleration. Ampli cation of spectra has proportional relation to sediment depth growth. As shown, because of nonlinear e ect of soil, the site response is less dependent on elastic properties and curves are very close to each other in short-period ranges. However, the amplitude of PSA (T 1 ) increases in proportion to base sediment depth for long periods.
Comparison with previous studies 8.1. Comparison with NGA equations
This part compares the ground motion relation proposed in this study with four NGA ground motion relations that are widely used to estimate horizontal response spectra for seismological and engineering analyses. These four equations have been introduced by Campbell and Bozorgnia [1] , Ambraseys and Douglas [9] , Boore and Atkinson [17] , and Abrahamson and Silva [24] .
All the relations are derived using the average Figure 6 . Summary of results from the basin response simulations based on di erent sediment depths. On depth to the V s = 2:5 km/s isosurface from our study.
horizontal components for both soil and rock. They all use di erent de nitions for local site conditions. Rock in Abrahamson and Silva [24] equation is de ned as a deposit with less than 20 m of soil overlying rock. Boore and Atkinson [17] used the velocity parameter, V s30 for classifying generic soil and rock in accordance with NEHRP Provision. Ambraseys and Douglas [9] employed a linear function to indicate the site e ect. This type of classi cation leads to inaccurate results, especially for soft-clay-soil sites or saturated sandy sites, because nonlinearity is not considered in the site response, Choi and Stewart [18] . In other attenuation relations, the site condition is modeled by using a function with two linear and nonlinear components.
Campbell and Bozorgnia [1] use seismogenic distances (R jb , and R rup ) rather than distance to the surface projection of the fault (R jb ), which has been employed by Ambraseys and Douglas [9] and Boore and Atkinson [17] . As described before, the shortest distances to the rupture plane (R rup ) were selected by Abrahamson and Silva [24] as well as this study. To compare all these equations, it is necessary to use a uni ed distance. Figure 7 compares the predicted median spectral acceleration of four NGA equations with ground motion relations proposed in this study. This comparison has been performed for a site located at 10 km from a reverse fault and for earthquakes of 7M w on rock and soil site. The e ect of hanging wall has been ignored in this gure as it was not considered in some equations.
As shown, the proposed attenuation relation is relatively higher than those in other NGA equations at median and long-period ranges. This can be explained by the selected domains for the distance (R rup 60) and magnitude (5:2 M w 7:9), which are in compliance with near-eld data set in this study. In fact, the long-period acceleration dominates and ampli es the response of spectra in this range of magnitude. Among the described NGA equations, the hanging wall e ect has been considered by only two authors. Figure 8 shows that the e ect of hanging wall for rock site is higher than that for soil sites in [1, 24] ; however, hanging wall does not have a speci c relation with site condition in near-eld in the equation proposed in this study. The comparison of Figure 8 with Figure 7 indicates that the e ect of hanging wall magni es the spectral acceleration in short and medium periods; however, its in uence decreases at long-period ranges. Figure 9 compares the horizontal standard deviations of di erent attenuation relations for M w = 7 and R = 10 km. Standard deviations contribute significantly to deterministic and probabilistic estimates of ground motion. Among di erent attenuation relations, the standard deviation of Ambraseys and Douglas equation [4] is the only magnitude-dependent relation. As illustrated, the standard deviation of attenuation relation proposed in this study decreases signi cantly by removing unreliable data and employing stable algorithm for regression.
The intra-event residuals were normalized by total in order to better imagine the relative di erences in the scatter in the intra-event residuals among the di erent strong-motion parameters. For the model to be unbiased, the intra-event residuals should have zero mean and be un-correlated with respect to the parameters in the regression model. Figure 10 indicates that the regression models are unbiased with respect to distance parameter.
Comparison with Iran plateau attenuation relations
Previously developed attenuation relations for Iran plateau consisted of only few simple functions by using plain regression methods. Many attenuation relations have recently been introduced based on recorded data in this region. These equations were developed by adding new terms, such as style-of-faulting and site e ect, and advanced regression methods and nonlinear functions were used in the process of their mathematical model to simulate their parameters. The distinct factors of these relations can be summarized as follows:
Application of di erent distance types and intervals; Di erent types of magnitude parameters; Di erent methods employed for data ltering; Di erent methods employed for regression.
The main problem that is common among all equations is the presence of unreliable records in their data sets. Further, because of the small and moderate size of events that have been used in these equations, the causative faults are not known for many earthquakes. Accordingly, the erratic hypo-central distance (r hpyo ) is chosen by most of these equations.
These equations generally face lack of reliable records in their data sets. For example, unknown causative faults for many earthquakes drive most of authors to use the erratic hypo-central distance (r hpyo ) in most of these equations. Furthermore, many authors use the S-P method to derive r hpyo because of uncertainty in reported hypo-central locations.
One of the major di erences between recently developed attenuation relations for NGA and Iran is in the number of observed large-magnitude ground motions at small-to-moderate distance of seismic source. For this reason, the recently developed equations for Iran cannot appropriately predict near-eld ground motions.
In this part, the attenuation relations that were extended for Iran plateau since 1994 are compared with relations introduced in this study. These equations have been introduced by Ramazi and Schenk [25] , Zar e et al. [26] , Khademi [27] , Nowroozi [28] , Mahdavian [29] , Zar e and Sabzali [30] , Aghabarati and Tehranizadeh [31] , and Ghodrati et al. [32, 33] . This comparison shows the level of consistency of these equations with near-led speci c equation, which has been derived from recent data collected across the world.
In these relations, focal distance has been selected as distance parameter and average focal depth is assumed to be 20 km. Khademi's equation [27] is the only exception, which has used R rup and, as shown later, this causes great errors in short distances.
Rock in Ramazi and Schenk's equation [25] , is de ned as a deposit with less than 10 m of soil overlying bed rock. There is no general consensus among scientists on this de nition. Zar e et al. [26] used four site categories, which were based on H/V receiver function measurements. Their dataset contained only two neareld records (less than 10 km) from earthquakes with magnitudes of M w > 6:0 and focal depths varying between 9 and 133 km.
In Khademi's equation [27] , the standard deviation is PGA-dependent and individual record deviation has been computed but not according to the standard procedure.
At preliminary assumptions of Nowroozi's equation [28] , three terms, namely, c 5 (M w 6) 2 , c 6 EPD, and c 7 F, were included; however, they were omitted from the nal equation presented. c 7 F term referred to faulting mechanism, which was omitted from equation due to lack of information. Two other items were also omitted as soon as they were found statistically insigni cant. The selected magnitude events for this equation were mainly less than 5.
Mahdavian [29] divides Iran into two regions, Zagros region and the rest of Iran; however, due to lack of data (only 15 records) for estimation of Zagros and soil sites, large standard deviation has been incorporated into this equation. Some records in the data set do not feature the main portion of shaking.
In Zare and Sabzali equation [30] , lack of near-eld records limits its application to far elds. As shown in Figure 11 , the predicted motions for rock (V s30 = 760 m/s) and soil (V s30 = 270 m/s) by this equation are similar, which make it unreliable in some features.
Aghabarati and Tehranizadeh [31] used three mechanism classes and V s30 to characterize site conditions. Due to monotonic variation of constraint c 7 (T ) with period, its spectral acceleration has sudden changes at short-period ranges. To show depth-to-top e ect, they used two terms for reverse and strike-slip earthquakes. To de ne the functional form for hanging wall e ect, they used residuals from one-dimensional simulation. Examination of normalized inter-and intra-event residuals against M w , distance, mechanism, and other parameters shows no bias in trends. Figure 11 compares the predicted PGAs of the above-mentioned equations for earthquake events with magnitudes of M w = 7:0 and M s = 7:04 from reverse fault without considering hanging-wall e ect. As illustrated by the gure, Aghabarati and Tehranizadeh attenuation relation [31] has a trend similar to that in the equation proposed in the present study, which is due to similarities in some functions and parameters used in both relations. Figure 11 shows that application of simple coe cient for modeling the site e ect is not an appropriate procedure. For instance, this coe cient for two sites is the same in Zare and Sabzali equation [30] . Since Mahdavian [29] and Ghodrati et al. [33] used M s as magnitude parameter, their relation is not applicable to magnitudes greater than 7.8.
As expected, the greatest di erence between the equation presented in this study and other equations is observed in short-distance ranges. In this range and on rock site, Mahdavian [29] equation, and on soil site Nowroozi's equation [28] are similar to the equation proposed by this study. In close distances, Khademi's equation [27] exhibits a trend di erent from the ones shown by other equations.
Conclusion
The ground motion relations developed in this study prove to be valid for estimation of Peak Ground Acceleration (PGA) and 5% damped Pseudo Spectral Acceleration (PSA(T 1 )) for shallow crustal earthquakes with magnitudes between 5.2 and 7.9 and distances smaller than 60 km.
We considered our ground motion relations to supersede previous relations, but a new algorithm and new combination of parameter functions were used in regression analyses, which were selected based on fairly good performance of data. Genetic algorithm was also used to obtain optimum variances of the residuals. With these proceedings, we could reduce the error to an acceptable value. A new set of data that included the data of previous works plus data that had been approved by the recent research was employed for extending the attenuation relation.
The study explicitly addresses such topics as sediment depth and the use of NEHRP site classes. Moreover, hanging wall e ects, dividing faulting mechanism to four main categories (reverse, strike-slip, oblique, and normal faulting), sediment depth e ect, depth-to-top rupture e ects, and nally nonlinear soil response were considered in the introduced equation. Some of the important achievements of this study can be summarized as: 1. The equation is a ected by near-eld e ect and in long-period range, the spectral accelerations are higher than those in similar studies; 2. Hanging wall e ect magni es spectral acceleration in near-eld on rock and soil sites, but the magnication factor on soil sites is clearly higher; 3. In short-period ranges, the spectral acceleration recorded on soft clay (V s30 = 180) has the lowest value in comparison with other sites. This is due to the nonlinear behavior of soft soil in short-period ranges and lack of data recorded on this site. By increasing period, the attenuation relation of soft clay will exhibit a similar trend to that of sti soil (V s30 = 270). Firm rock (V s30 = 1130) and hard rock (V s30 = 1500) diagrams show a downward trend due to lack of soil on these sites; 4. Sediment depth has a signi cant impact on the amplitude of ground motion, speci cally in medium and long periods; 5. Spectral accelerations in short-period ranges are controlled by earthquake magnitude and style-offaulting; however, in long periods, less dependency can be observed; 6. In comparison with other NGA relations, the standard deviation of the attenuation relation proposed in this study decreases signi cantly by removing unreliable data and employing stable algorithm for regression; 7. The residual analysis of the derived attenuation relations for Iran plateau shows that small changes in distance parameter will have a signi cant impact on the predicted acceleration; 8. The data sets and functions selected for most of the attenuation relations of Iran plateau are almost identical; but, there is a great di erence between their attenuation curves. This can be due to using unreliable data, linear function, and simple methods for regression. 
